We discuss the possibility of the erosion of dusty bodies in protoplanetary disks by a subsonic laminar gas flow. Our analysis is based on wind tunnel experiments on centimeter-size dust targets in an air gas flow of 63 m s À1 at static gas pressures between 0.1 and 4.5 mbar. We compare the results to numerical calculations of gas flow through porous bodies and the resulting drag force on dust aggregates at the surface. Our studies imply that a dusty body can be efficiently eroded if the dynamic gas pressure of the surface flow exceeds gravity and/or cohesion. In protoplanetary disks, we find that objects on circular orbits might be relatively safe against erosion in a laminar gas flow even in a dense disk. However, if a body is stirred up to an eccentric orbit, its motion relative to the gas increases. Such objects can be significantly eroded if they consist of dust. As an extreme, a 100 m body with the rather low eccentricity of an Earth orbit might be eroded in a single orbit. This effect leads to a bias for planetesimals in low-eccentricity orbits, as objects with large eccentricities are destroyed more easily. Erosion of bodies in high-eccentricity orbits, and reaccretion of the dust aggregates by low-eccentricity planetesimals, might provide a special growth mode of planetesimals and protoplanets.
INTRODUCTION
The interplay between gas and solids is fundamental for many processes in protoplanetary disks. At the smallest size scale of solids, micron-size dust particles couple very efficiently to the gas. The particles essentially follow any kind of gas motion. Therefore, in laminar disks, dust particles move on more or less circular orbits. The gas density (pressure) in protoplanetary disks typically decreases with distance to the star. This pressure gradient provides some support for the gas against the star's gravity, and the gas rotates slower than on a Keplerian orbit. The difference between Kepler velocity and gas velocity is typically on the order of 50 m s À1 (Weidenschilling 1977) . Bodies much larger than 1 m move on Keplerian orbits around a star. This means that they move through the slower gas, which they feel as a headwind of 50 m s
À1
. The gas drag induced by the headwind causes any object to drift inward. For very large bodies (31 m) that are not well coupled to the gas and for small dust grains (m) that are almost perfectly coupled, this is a slow radial drift. However, for bodies of decimeter to meter size the inward drift can be several tens of m s
. As transverse and radial headwinds combine, the headwind increases to a maximum of about 60 m s À1 (Weidenschilling & Cuzzi 1993; Sekiya & Takeda 2003) . It is possible that turbulence in a protoplanetary disk adds a further, random motion between gas and particles. Turbulence can disperse particles such as calciumaluminum-rich inclusions (CAIs; Cuzzi et al. 2003) . On the other hand, solids of certain particle sizes can be concentrated by aerodynamic drag in eddies connected to convection or large-scale instabilities (Klahr & Henning 1997; Cuzzi et al. 2001; Klahr & Bodenheimer 2003; Johansen et al. 2006) . The relative motion of the particles leads to collisions that under many circumstances result in the formation of larger bodies in a protoplanetary disk, especially if the colliding bodies consist of dust (Wurm & Blum 1998; Blum et al. 2000; Wurm et al. 2005b ). This growth in sticking collisions is widely regarded as the fundamental formation process for kilometer-size planetesimals, the building blocks of planets (Weidenschilling & Cuzzi 1993 ). The growth model is not without problems. It is currently unclear whether collisions at several tens of m s À1 on average lead to the formation of planetesimals. Due to the high velocities, not every collision leads to the formation of a more massive dust aggregate. For small dust aggregates (<100 m) Blum & Wurm (2000) found that aggregates grown in a cluster-cluster aggregation are fragmented upon impact onto a larger compact aggregate if they are faster than about 1 m s
. The small aggregate then does not add mass, but the target is eroded by the collision.
With this uncertainty in mind Wurm et al. (2001a Wurm et al. ( , 2001b considered how the aerodynamic drag ( headwind) would move particles that are ejected if a small dust aggregate ($10 m) collides with a larger (cm) object. They showed that the headwind directed toward the surface of the impacted body can immediately push fragments back to the surface. The secondary collisions are slow, and the ejected particles stick to the surface again. A general analysis by Sekiya & Takeda (2003) showed that efficient growth in the inner disk by this aerodynamic reaccretion is restricted to sizes below a few meters. Wurm et al. (2004) pointed out that the growing dust aggregates are highly porous. This allows a significant amount of gas to flow through the body. Slow ejecta that get entrained in this flow may be reaccreted. Reaccretion of ejecta strongly depends on the morphology (pore size) of a growing body. If the pore size is small (m) this reaccretion mechanism is not effective, as assumed by Sekiya & Takeda (2005) . Any ejecta after an impact might then be lost. A variety of different collisions with small or large aggregates, reaccretion of ejecta, erosion, and compaction will change the morphology of a body. Unfortunately, it is still not known how the morphology of a dusty body evolves through all processing in protoplanetary disks.
The interaction between solids and gas does not stop at planetesimal, i.e., kilometer size. Even if self-gravity becomes important and gas drag no longer dominates the dynamics of planetesimals, these objects still move through the gas. Close encounters with larger protoplanets can stir them up to eccentric orbits ( Hood 1998) . Relative velocities between planetesimal and gas easily become supersonic, which leads to bow shocks in front of the planetesimals. Shocks are currently considered a promising mechanism offorming (melting) chondrules, which are millimetersize spherical particles found in primitive meteorites (Hood & Horanyi 1991; Miura & Nakamoto 2005) . Altogether, the relative motion between particles and gas thus sets the stage for a large number of basic problems.
On one hand, gas drag and headwinds play an important and constructive part in the growth of planetesimals. On the other hand, if the gas flow is strong enough to be considered an effective force on dust particles, one might ask whether gas drag could also destroy larger objects. If a dusty body moves through the gas, the gas imposes a shear force on the top layers of the dust. If this force is larger than the cohesive force (and gravity), particles will be removed and the body loses mass merely by moving through the gas disk. The effect might roughly be compared to eolian erosion on Earth or Mars. The pressure at the surface of Mars is less than 10 mbar; dense models of protoplanetary disks have comparable inner gas pressures (Wood 2000) . Wind speeds to start erosion on Mars can be as low as 20 m s À1 (Greeley et al. 1980) . Headwind velocities of small bodies moving on circular orbits in protoplanetary disks are $60 m s À1 (Sekiya & Takeda 2003; Weidenschilling & Cuzzi 1993 ). This comparison shows that conditions in protoplanetary disks are similar to threshold conditions for erosion on Mars and should be considered in more detail. The possibility of gas erosion is even more likely if eccentric orbits are considered. Gas flow relative to the moving solid is faster in that case, and the shear forces at the surface are stronger.
In contrast to Mars and Earth, material lifted from a planetesimal does not return. If planetesimals are loose aggregates of dust and if eolian erosion is a significant process, it eventually destroys planetesimals. It is also worth noting that the erosion of a large object might bring older material back to the disk. This old material can then be mixed more homogeneously with younger solids. Krauss & Wurm (2005) and Wurm & Krauss (2006) have recently suggested that photophoresis can concentrate solids in belts around young stars. Eolian erosion might be one way of providing material for such redistribution at later times; thus, it might be important for the formation of comets, Kuiper Belt objects, and primitive asteroids.
Despite the similarities, there are basic differences between the mechanisms by which eolian erosion works on Earth or Mars and how it works on small objects in protoplanetary disks. Wind eroding a dust or sand surface on planets is turbulent on small scales. Experiments in wind tunnels usually include a fully developed turbulent flow ( Bagnold 1954) . Protoplanetary disks might be laminar or turbulent, depending on the place and time. We consider laminar flows here for several reasons. Our experiments are carried out for dust aggregates up to about 1 dm in size and are immediately applicable to bodies of this size. If the disk is turbulent the flow might still be regarded as laminar on this size scale, for the following reason. A typical model of turbulence regards turbulence as a cascade of eddies of different sizes. Energy (e.g., by convection) is introduced to the largest eddy. The energy is then distributed to the smaller eddies. Eventually, the smallest eddy size is reached, as all energy is used up and no energy is left to drive still smaller eddies. On much smaller size scales than the smallest eddy, gas flow can locally be regarded as laminar. The largest eddy in protoplanetary disks is the scale height of the disk, and it cannot get larger than the geometrical limit of the disk. The smallest eddy is estimated to be a factor of 10 À7 times smaller than the largest eddy (Supulver & Lin 2000) . Thus, if we assume a typical scale height of 0.1 AU at 1 AU distance from the star, the smallest eddies are 1 km. Therefore, the flow around a small dusty object can be regarded as laminar even in turbulent disks, and our results are immediately applicable to small objects in protoplanetary disks.
There is another significant difference between eolian erosion on Earth or Mars and protoplanetary disks. The major mechanism for motion of solids by wind on Earth and Mars is saltation (Bagnold 1954) . The process of saltation can be described as follows. A large particle is lifted and jumps only a certain distance; then, due to gravity, it falls back onto the surface. This impact elevates new particles, creating avalanches of particles, which provide a constant source of airborne (sand) particles. Such a mechanism would not work on small bodies in space, since they only have negligible self-gravity. If a particle is freed by gas drag, the same gas flow will inevitably transport the particle away, but the process will not lead to an avalanche of new particles. Gravity, in general, does not have to be overcome on a forming planetesimal. The role of gravity is replaced by cohesion. Compared to gravity, cohesion depends on more parameters, such as dust particle size, dust material and shape, and the number of contacts in a dust aggregate. One possible consequence of the role of cohesion is that eolian erosion might be an effective selection mechanism to promote survival of more sticky dusty bodies.
To be more quantitative, we studied the interaction between gas flow and dusty bodies in protoplanetary disks in more detail. We carried out a series of wind tunnel experiments and numerical calculations, which we report on here. The general setup of the laboratory experiments is described in x 2, and x 3 gives the results from these laboratory experiments. Section 4 describes the numerical calculations that we carried out in order to show in detail the gas flow through the different target types. In x 5 we discuss the results from the laboratory experiments and numerical calculations. In x 6 we apply our results to planetesimals and protoplanetary disks, and x 7 concludes the paper.
EXPERIMENTAL SETUP
A sketch of the experiment setup is shown in Figure 1 . The experiments are conducted in a circular closed wind tunnel with a pipe diameter of 32 cm. The overall height is about 2 m, and the width is $1.5 m. The gas flow is generated by a roots pump, which provides high flow rates at low pressure. The pressure within the wind tunnel can be adjusted from about 10 À3 to 10 mbar, and the flow rate of the pump is also adjustable. The maximum gas velocity in the center of the wind tunnel is 100 m s À1 . In the application described here, we used a fixed flow rate of 3.14 m 3 s À1 or a gas speed, averaged over the cross section, of 39 m s À1 .
Gas Flow in the Wind Tunnel
The gas flow in the wind tunnel is not homogeneously distributed throughout the cross section. To quantify the spatial distribution of the gas flow, we measured the velocity profile across the center of the wind tunnel in the test section in the vertical direction. As indicated in Figure 1 , the test section is the lower part of the wind tunnel. The test section is a straight tube section of $50 cm length (although it looks slightly curved in Fig. 1 ). The velocity profile can be seen in Figure 2 . These measurements were obtained at a static pressure of p stat ¼ 0:0165 mbar (AE0.0015 mbar) by observing the deflection of a pendulum. For a pendulum we used a paper sphere of 10 mm diameter and a mass of 190 mg. The drag force on the sphere is given by
Here is the gas density, v is the gas velocity, r is the sphere radius, and C D is the drag coefficient. The C D depends on the Reynolds number Re, and for intermediate Reynolds numbers it can be approximated by (Crowe et al. 1998 )
C Kn in equation (1) is the Cunningham correction factor for rarefied flow effects and can be expressed as
where the Knudsen number Kn is the ratio of the mean free path of the gas molecules to the sphere radius, and k 1 ¼ 1:231, k 2 ¼ 0:470, and k 3 ¼ 1:178 are empirical constants ( Hutchins et al. 1995) . The mean gas velocity obtained from the measured velocity profile is 39.5 (AE2.0) m s
À1
, which is in excellent agreement with the calculated average gas speed of 39 m s
. It has to be noted that there are vertical extrusions (flanges) at the top and bottom in the test section that explain why the velocity does not drop to 0 at 0 cm or 32 cm height, which is otherwise coincident with the walls. The maximum velocity is 63 m s
. The measurements show that the maximum gas velocity is located below the tunnel center, where it is almost constant over a height of several centimeters. The targets were placed inside this zone of constant gas velocity. We regard the results as equivalent to a target in an unbound system with a wind speed at infinity of 63 m s
. The presence of the target in the confined tunnel influences the overall gas flow in the test section. Also, the velocity profile changes somewhat, as some of the experiments were carried out at a higher gas pressure. However, within the scheme of this paper we consider this to be of minor importance.
As outlined above, whether the gas flow is laminar or turbulent is important. Turbulent flow (in the experiments) might lead to locally varying drag forces on particles, which might remove dust from the surface of a body differently from a laminar flow. The flow regime can be estimated by the Reynolds number, which for a tube is given as
where in our case v m ¼ 39 m s À1 is the mean fluid velocity, d ¼ 32 cm is the tube diameter, ¼ 1:84 ; 10 À5 Pa s is the dynamic viscosity of air, and is the mass density of the gas. The only parameter varied in our experiments is the static pressure p stat . The gas density scales linearly with static pressure and is ¼ 1:18 kg m À3 at p stat ¼ 1013 mbar. The onset of turbulent flow in tubes occurs at approximately Re crit % 2300. Fully developed turbulence is only expected for Reynolds numbers larger than Re $ 10;000. The critical value Re crit is reached in our experiments at p stat ¼ 2:9 mbar. We varied the pressure in the range between 0.1 and 4.5 mbar, and the highest Reynolds numbers were Re ¼ 3645. This is still far from being a fully developed turbulent flow. While the gas flow at the highest pressures used probably is no longer perfectly stationary, we still regard it to be close to the laminar conditions locally at the position and size of the target. As seen in x 3, erosion thresholds are already reached at pressures of 2 mbar, so turbulence is not of major concern here and we regard the full range of experiments as analogous to a small body moving in a laminar protoplanetary disk.
Dust Targets
For a dust sample, we chose a commercial SiO 2 powder with a broad size distribution, which we have used before in impact experiments (Wurm et al. 2005a (Wurm et al. , 2005b . Particle sizes were between 0.1 and 10 m, with 80% of the total mass being particles of 1-5 m. The particles have irregular shapes. The density of the bulk material was 2.6 g cm À3 . The targets were prepared by manually sieving the dust through a mesh with approximately 500 m openings. Thus, the targets consisted of individual, rather compact dust granules, which were up to 500 m in size and stuck loosely together by cohesion forces. The wind tunnel is divided into 1 cm thick layers. For each layer, the gas velocity is measured by the deflection of a 10 mm diameter paper sphere. Errors of the velocity measurements, mostly due to the static pressure uncertainties, are below 5%. The dust targets were placed inside the zone of highest flow velocity. Three different target shapes were used in the experiments: piles, cuboids, and spheres. The piles were cone-shaped with $50 mm base diameter and $15 mm height (Fig. 3a) and were placed on a plastic half-sphere of 80 mm diameter. The cuboids had a base of $30 ; 50 mm and heights of 6, 9, and 12 mm (Fig. 3b) . The cuboids were supported by a 3 mm thick metal plate. These two target types had rough granular surfaces, and their average porosity was about 84% (AE2%; Wurm et al. 2005a ). The dust half-spheres had diameters of 80 mm and were placed on 80 mm plastic half-spheres ( Fig. 3c) . Their internal structure was also granular. However, with the same porosity as for piles and cuboids, the spheres were too large to be stable and broke up due to their own weight. In order to avoid this, they were very slightly compressed; their porosity was still about 80%. The cohesion for these compressed dust half-spheres was strong enough to support the structure's own weight. With respect to the internal gas flow, we regard the permeability of all targets to be similar.
In order to simulate a dust sphere with uncompressed granular dust surface, we also sieved a few layers of dust granules onto some of the compressed spheres. An image of such an aggregate can be seen in Figure 3d. 
Description of the Experiments
In the experiments a dust target was placed in the test section of the wind tunnel, suspended in mid-air by a string cradle. The support had no point of contact with the tunnel walls except at the mechanical feed, to which the strings were fixed. This target support was needed in order to avoid vibration effects caused by the roots pump. A digital video camera was used to observe the target, and illumination was provided by a halogen lamp.
Two base parameters were measured during the experiments: the erosion threshold and the erosion rate. We define erosion threshold as the gas pressure at which, at a default wind speed, the gas drag is strong enough to continuously remove dust granules from the target. The erosion rate is defined as the dust mass eroded from the target in a certain time at a given gas pressure and at constant gas speed. All experiments were carried out with air at room temperature.
In the first series of experiments, we detected the minimum pressure at which dust is picked up by the gas flow. A target was placed in the wind tunnel, and the tunnel was evacuated to about 10 À2 mbar pressure. The roots pump was started, and the wind speed was adjusted to $63 m s À1 (39 m s À1 average gas flow). The air pressure was gradually increased until dust motion from the target was observed.
The erosion rate was measured as follows. Before we placed the target in the wind tunnel, we determined its mass. The tunnel was evacuated and the roots pump was started. We kept the pump running for a certain time (60 minutes in most experiments) at a given pressure. After that, the wind tunnel was slowly filled with air again. The target was removed and weighed a second time.
EXPERIMENTAL RESULTS

Erosion Threshold
We measured the erosion threshold for all target types except cuboid. Piles.-Initially, for the pile-type targets (Fig. 3a) , individual granules were entrained in the gas flow at a pressure of p stat % 0:4 mbar, but the number of particles strongly decreased with time. Also, a number of particles only moved down the pile without really being entrained in the gas flow. Particles that were entrained in the gas flow were lifted from different positions on the pile surface. As the pressure was increased further, more granules were lifted. No quantitative statements about the erosion threshold can be made for the pile targets at higher pressures, since no reliable mass flux can be determined from the video images. An image of the gas flow at about 3 mbar and the entrainment of particles are seen in Figure 4 .
Powdered spheres.-Dust half-spheres powdered with a layer of granules (Fig. 3d) behaved similarly to the piles. Particles are lifted from the whole surface, and their motions start at a static pressure of p stat % 0:2À0:4 mbar.
Compact spheres.-We also determined the threshold of particle movement for compact sphere targets without granule coating (Fig. 3c) . Here, individual particles also leave the target at low pressures (about 0.4 mbar), but they seem to originate only from cracks on the surface and not from the main intact part of the surface. Otherwise, massive particle motion sets in at 4.5 mbar.
Erosion Rate
The erosion rate was measured for the pile-and cuboid-type targets (Figs. 3a and 3b) . We carried out approximately 40 experiments with both types. No experiments could be carried out with spheres, since they were instable after the onset of erosion, and large parts collapsed due to their own weight. In the experiments with pile-type targets, we varied the pressure between 0.3 and 4 mbar, whereas the cuboids have been used only for the pressure range between 2 and 4 mbar. In most experiments the targets are left for 60 minutes in the gas flow.
Low-pressure experiments.-At the beginning, up to 0.7 mbar, the initial erosion rates, as can be seen from Figure 5 , are within the limits of the measurements and do not show a significant mass loss with time. Above $0.7 mbar the amount of dust eroded increases to a measurable level but does not change systematically up to 1.4 mbar. The mass loss was between 20 and 50 mg hr À1 , and the erosion rate does not show dependence on the increasing gas pressure. The piles do not change their shapes.
High-pressure experiments:
With a pressure increase above 2 mbar the erosion changes its functional behavior. At about 2 mbar a strong increase in erosion rate occurs, as seen in Figure 6 . The erosion rates for the dust piles are certainly well approximated by an exponential increase with pressure, whereas the cuboid results would fit other laws equally well. Here, dust piles were measured for 60 minutes, and dust cuboids were measured for 30 minutes. The results for the cuboids were scaled by a factor of 1.33 because two subsequent measurements of 30 minutes for the same target showed a decrease in erosion in the second run to only 33% of the first run.
In order to study the dependence of the erosion rate on the target surface, we changed the target geometry of the cuboids in a few of the experiments. The target marked with a star in Figure 6 was half as long as the other cuboids and showed the same erosion rate. We also studied the erosion rate variation with height. The measurements of the erosion rate of cuboids with different heights showed a strong increase in erosion as the thickness Each measurement represents a new target. Most targets were placed in the gas flow for 60 minutes, except for a few targets that were measured for different times as indicated. The error bars reflect a typical mass difference mostly due to humidity. We estimate the error to be constant at 5 mg.
increased. We carried out experiments with 6, 9, and 12 mm high cuboids. As the thickness is increased from 6 to 9 mm the erosion rate increases by a factor of 6. A thickness of 12 mm corresponds to an erosion rate increase by a factor of 11 compared to erosion rates at a height of 6 mm.
GAS FLOW NUMERICAL CALCULATIONS
To quantify the gas flow at the surface of our targets, we carried out numerical calculations in two dimensions, using a commercial software package ( FEMLAB).
1 Our model consists of a tube section (rectangle) and the target; the tube section is 48 cm long and 32 cm wide and corresponds to the test section in our laboratory experiments. The model target is placed in the center of the tube, and the initial condition is an inflow at 60 m s À1 across the whole inlet side. At low pressure the model results in a speed at the center of the tube (with no target) of 63 m s
À1
. Therefore, we regard the numerical model as a suitable analog to the experimental conditions described in the previous section. We note that the velocity profile across the test section in the laboratory experiments and the numerical model are slightly different. Within the numerical limitations and experimental uncertainties of determining the erosion threshold, this still allows a quantitative comparison between numerical model and experimental results.
For the numerical model we assume no slip conditions at the walls of the tube, although this assumption does not pertain to the inner flow at low pressures. We solve the stationary NavierStokes equation within the tube according to (FEMLAB)
where is the dynamic viscosity, is the air density, p is the static pressure, and u is the velocity field. It is important to note that our dust targets are highly porous and that gas flows through them. Within the porous target the flow is modeled by the Brinkman equation according to (FEMLAB)
The permeability of the porous structure is denoted by k. As boundary conditions for the target, we assume no slip conditions at the solid target support and that the pressure is otherwise continuous through the dusty surfaces. The permeability can be written as
where r is the typical pore size of the target. According to Cancelliere et al. (1990) we assume c k ¼ 1 at our porosities. At the given high porosities of 84% for the target, the pore volume is more than 5 times the volume of solids. Therefore, the pore size will be larger than the typical granule size. As the granule size is about 0.5 mm, we assume a pore size of r ¼ 1 mm. Figure 7 shows the simulated flow outside a pile-type target at 2 mbar. The calculations show that the highest velocity at the target surface is reached at the top of the pile with v ¼ 25 m s À1 . As can be seen, the flow is laminar. There is a stable, stationary 1 See http://www.comsol.com/support/updates/fl30a.php. Fig. 7. -Numerical two-dimensional calculation of the gas flow around (and through) a dust pile, shown by a streamline plot. In the calculation we use a cross section through the middle of the target and the target support. We simulated similar conditions as in the experiments: tunnel gas velocity at the target position without target is 63 m s À1 and static gas pressure p stat ¼ 2 mbar. The arrow marks a streamline that corresponds to v ¼ 25 m s À1 flow velocity at the surface. This is the peak velocity on the target surface entering at the top of the dust pile. eddy in front of the pile. In our laboratory experiments we sometimes observed particles that lifted off on the right (wind side) of the target and moved initially toward the gas flow; the closed vortex in front of the pile explains these observations. The numerical calculation in Figure 8 shows the gas flow around a cuboid-type target. At the predefined conditions of 2 mbar static gas pressure and 63 m s À1 initial gas velocity, the calculation results in a laminar flow outside the target. The flow through the 12 mm high cuboid has a maximum gas velocity on the front edge of the target surface, equal to v ¼ 44 m s À1 .
DISCUSSION OF THE RESULTS
As expected, the numerical simulations of the gas flow through a porous dust pile in x 4 result in the highest gas velocity at the tip of the pile. According to equation (1) the drag force on a particle should be largest at the top of the pile, and particles should be picked up by the gas flow at the top of the pile first. In contrast, the first particles observed to move in the laboratory experiments (x 3.1) did not necessarily originate at the top. Some particles that were entrained in the gas flow were lifted from there, but other particles only rolled down the pile from different positions on the surface. Several experiments on pile-type targets prepared the same way each time showed that these motions start at a static pressure of p stat % 0:4 mbar. We also simulated the gas flow through a pile target at this pressure. According to the numerical simulations, the gas flow speed at the top of the target is then v ¼ 13:5 m s
À1
. If we assume that the topmost particles would be within a free gas stream of velocity v, we can calculate the force on a particle according to equation (1). Since the Reynolds numbers are below 1 we use C D ¼ 24/ Re instead of equation (2). The resulting force on a dust granule of 500 m in diameter is F gas ¼ 6 ; 10 À8 N. Cohesive forces within dust aggregates can vary in a wide range. The sieved granules with a maximum size of 500 m in the experiments might be regarded as individual units. On the one hand, they are very compact, and dust particles within are strongly stuck together. If we assume a porosity of 70% for the granules, the typical mass is m ¼ 0:05 mg. On the other hand, a pile built from these units is only loosely bound, since individual granules have only a restricted number of contacts to other granules. If we neglect cohesion, granules will continuously be picked up by the gas flow if the gas drag can compensate for gravity, which for the granules used is F g ¼ 5 ; 10 À7 N. At p stat ¼ 0:4 mbar, gravity is stronger than the gas drag force. Obviously, the dust granules removed first are not typical dust granules, but rather individuals that are either smaller or more porous than the average, or both. Particles only moving downhill also show that the drag force obviously is not larger than gravity on average. Thus, we do not regard the static pressure p stat % 0:4 mbar as the real erosion threshold. This is also in agreement with the fact that the erosion rate does not show significant erosion below 2 mbar, as seen in Figure 5 . The erosion rate at pressures between 0.7 and 1.4 mbar fluctuates strongly, but we cannot find a clear tendency for erosion increase. A strong increase of the erosion rate occurs first at about 2 mbar. Obviously, up to this pressure there is still a selection effect, which removes particles that are more susceptible to gas drag than the majority of the dust. Thus, we regard the erosion threshold for dust pile targets to be reached at about 2 mbar. The numerical calculations of the gas flow through the pile at 2 mbar show that at this pressure the gas velocity at the top of the pile is 25 m s À1 , which corresponds to a gas drag force of F gas ¼ 1 ; 10 À7 N. This is still somewhat smaller than the gravitational force on a 500 m granule. We have to consider that the numerical calculations are only a two-dimensional approximation. The calculations would be correct if the cross section simulated were a cross section through a ridge rather than a pile. Compared to a ridge, the top of a pile has more free gas flowing close to it. Therefore, a more appropriate three-dimensional treatment might result in a higher velocity at the top of the pile. Also, the average granule might be somewhat smaller than 500 m, which is only the maximum size (sieve opening) of the particles in our targets. Higher gas velocity and smaller particles would increase the ratio between gas drag and gravity. An erosion threshold at 2 mbar is thus plausible. Above 2 mbar the erosion rates for the dust piles increase exponentially with pressure. Obviously, the gas drag at these pressures is strong enough to erode all particles on the target surface, regardless of their size.
In the experiments, the erosion for cuboid targets above 2 mbar shows behavior similar to that for the piles. The erosion rate increases strongly with pressure, and the numerical simulation of gas flow through cuboids at 2 mbar shows maximum gas velocities on the top front edge of the target of v ¼ 44 m s À1 (Fig. 8) . This velocity corresponds to a gas drag force of F gas ¼ 3 ; 10 À7 N. Because our cuboid-type targets have the same cross section over their whole extent, we regard the two-dimensional calculations as a suitable analog. The gas drag is comparable to the gravitational force for a dust granule.
The erosion rate of cuboids showed a significant decrease with time. As mentioned in x 3.2, every second run (30 minutes) with a target resulted in an erosion rate of only 33% of the first run. However, in view of numerical calculations of the gas flow, this is plausible. The height of the target changes with erosion, and the gas flow changes due to shadowing effects by the supporting structure. Numerical calculations of the cuboids in two dimensions show that the support structure has a significant influence on the gas flow. The calculations also explain the strong increase in erosion rate for 12 mm high cuboids compared to the 6 mm high cuboids, as the area on top of the target where the flow velocities are large enough to pick up particles changes significantly. Due to the fragile nature of the dust targets, the support structure was chosen to be somewhat larger in order to allow a secure handling and accurate weighing. However, for an unbound cube the erosion rate should be proportional to the target dimension width and height in a first approximation.
The target marked with a star in Figure 6 was only half as long as the other cuboids but shows the same erosion rate. Obviously, the target length does not play a role in the erosion. This is in agreement with the assumption that gas drag through the front part of the top layer is responsible for erosion. It also proves that saltation is not important here. All particles entrained at the front pass the target and do not return to the target at another position, thus not freeing new particles.
Certainly as the sizes vary strongly, the Reynolds numbers change and the flow characteristics also vary. At a certain size a dusty object embedded in a laminar flow will produce its own turbulence, and erosion rates and thresholds might also change. Therefore, it has to be noted that the applicability of our results becomes qualitative as we move away from the parameters studied in our experiments. However, in view of the experiments and numerical calculations, we find the following.
Erosion threshold.-The experiments and calculations suggest that erosion of a dusty surface of a porous body in a laminar gas flow occurs as soon as the gas drag on a surface particle is stronger than the forces keeping the particle attached to its inner neighbors by either gravity or cohesion. The results are not very sensitive to the target shape. Piles and cuboids have similar erosion thresholds. If a dusty body is 1 dm in size, consists of compact dust aggregates of about 0.5 mm in size, and moves through air at about 63 m s
, it starts to erode at 2 mbar. Our experiments are very different from erosion experiments in turbulent flows. Nevertheless, it is worth comparing the conditions for the erosion threshold we find with the conditions that other researchers have found for erosion in turbulent flows over a dusty surface. This gives a qualitative argument for how a turbulent flow would change the erosion threshold. Greeley et al. (1980) studied the erosion of a surface consisting of 212 m diameter walnut shell particles in a turbulent flow. While walnut shell particles are denser than our dust aggregates, they are smaller, and the gas drag needed to pick up the walnut shell particles should be similar to the gas drag needed to pick up the dust granules that we use. Greeley et al. (1980) found that the threshold to initiate saltation on a dusty surface only depends on the dynamical pressure of the gas flow and is p dyn ¼ 0:15 mbar, independent of the static gas pressure ranging from p stat ¼ 4 to 1000 mbar. The dynamic pressure is defined as
where v is the free gas velocity, which in our case is 63 m s À1 . For our experiments the dynamic pressure needed to initialize erosion is p dyn ¼ 0:05 mbar, which is a factor of 3 smaller than that found by Greeley et al. (1980) to initiate saltation. It is not clear whether the two thresholds (for erosion and saltation) can be compared. In general, saltation requires fewer particles to be picked up, causing erosion due to the avalanche of new particles. However, it is possible that the particles that lead to saltation relate to the first particles in our experiments, which are entrained into the gas flow at pressures well below the erosion threshold. In this case turbulent flow would be much less capable of eroding a body in a microgravity environment (without saltation) than would a laminar flow.
Erosion rate.-Erosion of a cuboid takes place at the front edges. It depends linearly on size, as long as the gas flows are similar. If a dusty body is 1 dm in size, consists of compact dust aggregates of about 0.5 mm in size, and moves through air at about 63 m s À1 , the erosion rate at the erosion threshold of 2 mbar is about 100 mg hr À1 .
APPLICATION TO PROTOPLANETARY DISKS
Our results can immediately be applied to small bodies in protoplanetary disks moving on circular orbits. The maximum drift velocity in a typical model of the solar nebula is about 60 m s À1 for meter-size bodies (Sekiya & Takeda 2003; Weidenschilling & Cuzzi 1993) . Our experimental settings were chosen to match these conditions. Erosion in our experiments occurred at 2 mbar. The drag force (eq. [1]) depends on the gas density. Since protoplanetary disks consist mostly of hydrogen-we assume a molar mass of 2.34 g mol
À1
-the drag force is a factor of 12.4 smaller at a given pressure than the values for air used in our experiments. Erosion of a small body in a protoplanetary disk would only occur at 25 mbar. This is on the edge of even the most massive disk models (Papaloizou & Terquem 1999; Wood 2000) . Small bodies might lose particles under the most extreme conditions close to the star (e.g., inside of Mercury's orbit), but typically they are safe against erosion.
As indicated in x 1, protoplanetary disks might be turbulent on a size scale of 1 km. As seen in x 5, the erosion threshold in turbulent flows over dusty surfaces is higher than in the laminar case. Therefore, even if we assumed that the gas flow on the surface of kilometer-size planetesimals is turbulent, they would be safe against erosion on a circular orbit.
It has to be noted that our dust granules, as well as the walnut particles used by Greeley et al. (1980) , have rather low cohesion forces. Stronger cohesion of smaller dust particles is found, e.g., in wind tunnel experiments by White et al. (1997) . Heim et al. (1999) measured the force necessary to separate two spherical 1 m particles to be on the order of 10 À7 N. According to equation (1) the aerodynamic force acting on a dust particle at 25 m s À1 and p stat ¼ 2 mbar is 6 ; 10 À11 N. This is orders of magnitude less than the cohesive force, and individual dust particles cannot be picked up by the gas flow. Only if the same gas flow acts on a few thousand dust particles will the total force be large enough to pick up an aggregate of dust that has just one contact with the underlying surface. Therefore, there is a minimum size of aggregates that can be picked up.
Photophoretic drifts. -Wurm & Krauss (2006) gave an estimate of the speeds of particles that are propelled through a ( late) protoplanetary disk by photophoresis as
where a is the particle size, I is the flux of the light source, k th is the thermal conductivity, and v G is the average velocity of the gas molecules. The drift velocity does not depend on the absolute gas density. Typical values for centimeter-size dust aggregates might be several hundred m s
. A more accurate treatment of high-velocity motion by photophoretically driven particles still has to be worked out. However, the motion can be a factor of 10 faster than the drift velocities of 63 m s À1 considered before. The drag force according to equation (1) then increases by a factor of 100. In that case the threshold for erosion can be reached in dense parts of the disk at gas pressures of about p stat ¼ 0:1 mbar. According to equation (9), the drift velocity depends on the particle size. At a certain size the aggregate will eventually move more slowly than the erosion threshold and is safe against further erosion.
Eccentric orbits.-Relative velocities between a solid (dusty) body and the gas strongly increase as soon as the orbits slightly deviate from circular orbits. At pericenter the difference in velocity between a body moving on an eccentric orbit with v per and eccentricity e compared to a circular orbit v circ is (Murray & Dermott 1999) 
This assumes that both bodies move with the same mean motion (average angular velocity). It is interesting to note that Earth, with an eccentricity of only e ¼ 0:017, would move at about 500 m s À1 relative to the gas at perihelion. Again, the 10-fold increase in velocity corresponds to a 100-fold increase in the drag force on a particle (eq. [1]). As the drag force at the threshold of erosion remains the same, the gas density or pressure at which a body starts to erode is a factor of 100 lower. Above, we estimated the gas pressure at the threshold of erosion to be 25 mbar on a circular orbit. On an eccentric orbit, it would only be 0.25 mbar. This is given even in the minimum mass nebula by Hayashi et al. (1985) , where larger pressures are reached inside of 0.3 AU. Therefore, as soon as orbits of planetesimals are only slightly disturbed, they easily move faster than the threshold needed to initiate erosion at least at the pericenter of an orbit in the dense
